There is an increased interest in using thermophilic bacteria for the production of bioethanol from complex lignocellulosic biomass due to their higher operating temperatures and broad substrate range. This review focuses upon the main genera of thermophilic anaerobes known to produce ethanol, their physiology, and the relevance of various environmental factors on ethanol yields including the partial pressure of hydrogen, ethanol tolerance, pH and substrate inhibition. Additionally, recent development in evolutionary adaptation and genetic engineering of thermophilic bacteria is highlighted. Recent developments in advanced process techniques used for ethanol production are reviewed with an emphasis on the advantages of using thermophilic bacteria in process strategies including separate saccharification and fermentation, simultaneous saccharification and fermentation (SSF), and consolidated bioprocessing (CBP).
Introduction
The increasing demand for sustainable biofuels is driving the need for feasible bio-refineries capable of utilizing highly renewable and environmentally friendly feedstock's to produce high-volume biofuels. The rise in biofuel demand largely stems from targets set by governments in response to an increasing OPEN ACCESS awareness of climate change, finite petroleum resources, and geo-political uncertainty while addressing the ever increasing energy demand of industrialized society. Thus, the need for sustainable low-cost, high-volume alternative energy carriers, such as bioethanol, produced from renewable feedstocks is apparent. For example, a target set by the European Commission necessitates that 20% of energy production by 2020 must be from renewable sources, energy efficiency must increase by 20% while greenhouse gases must decrease by 20% [1, 2] . The worldwide production of bioethanol has increased from 48.0 billion liters in 2007 to 88.7 billion liters in 2013, with the largest producers being the United States and Brazil [3] . The vast majority of bioethanol produced to date is so-called first generation bioethanol generated from simple substrates including starch (from corn) and sucrose (from sugarcane and sugarbeet). Despite the success of first generation bioethanol production, there is growing concern over the feedstocks used as they are often food crops leading to biofuel production directly competing with food consumption thus neccesstating an increase in food prices; this is often refered to as the "food versus fuel" debate [4, 5] . Additionally, there is concern regarding the negative impact on agricultural areas when crops are harvested soley for their energy value [4] .
Second generation biofuels address these concerns as they are derived from non-food (lignocellulosic) biomass demonstrating a move towards a more sustainable biofuel production that meets the demand for bioethanol using raw materials and does not compete with food. Lignocellulosic biomass is often an agricultural by-product such as straw produced from wheat or corn [4] . However, second generation bioethanol production is not without obstacles; lignocellulosic biomass are often recalcitrant due to the lignin sheath and the highly crystalline structure of cellulose which is tightly packed and stabilized with a network of intra-and inter-molecular hydrogen bonds between parallel strands [6] . Additionally, lignocellulose contains hemicelluloses, which are comprised of polyhetereosaccharides including hexoses, pentoses, galactouronic sugars, and other sugar derivatives [7] . As such, second generation bioethanol production requires extensive and costly chemical or physical pretreatment in addition to enzymatic treatment processes which negatively influences its industrial feasability and has proven to be a major obstacle for large scale production [4, 5] .
If bioethanol produced from lignocellulosic biomass is to become economically feasable, sustainable, and competitive with petroleum-derived fuels, several key physiological and process challenges need to be overcomed. This includes the integration of process steps into consolidated processes, achieving higher ethanol titers, as well as avoiding possible inhibition by sugar derivatives that are produced during various pretreatment and enzymatic hydrolysis processes of complex biomass, and the genetic manipulation of ethanologens. At present, the majority of bioethanol is produced using mesophilic organisms despite the inherent advantages of using thermophilic ethanologens which could potentailly overcome many of these obstacles.
This review focuses on thermophilic aneaerobes, their physiology, ethanol production capacity, process advances, and recent advances in the genetic modification of thermophilic ethanologens with a particular emphasis on second generation bioethanol production and the ammenability of thermophiles for consolidated processes.
Ethanol Production from Biomass

Difference between First and Second Generation Ethanol Production
First generation bioethanol is generated from homogenous substrates, including starch and sucrose. Typically, this has been accomplished by using high-yield mesophilic ethanologens such as the yeast Saccharomyces cerevisae and, to a lesser extent, the bacterium Zymomonas mobilis. While these mesophiles demonstrate near-theoretical ethanol yields, high ethanol tolerance, and have a long history of large-scale ethanol production, their use for bioethanol production from lignocellulosic biomass is limited due to the narrow substrate spectra of the wild type strains.
Second generation ethanol production from more complex (lignocellulosic) biomass has yet to achieve industrial-scale success. Lignocellulose is composed of three different components: cellulose, hemicellulose, and lignin [4, 7] . Hemicellulose and lignin are tightly embedded in the plant material. Before utilization of such biomass, the lignin needs to be removed and the sugar polymers released in order to make them accessible for the subsequent hydrolytic/enzymatic steps. This extra pretreatment step is the main difference between the utilization of simple biomass (starch and sugars) compared to complex biomass together with the fact that the sugar pool released in the latter is more heterogeneous as compared with first generation substrates [4, 5] .
In order to meet the increased demand for second generation ethanol production, the genetic modification of S. cerevisae and Z. mobilis and the use of microbes with much broader substrate spectra are needed for a complete utilization of the various sugars present in the biomass. The interest in the use of thermophiles for second generation production was first put forward after the oil crisis in the 1980s and has recently received increased attention in the past decade.
Comparison between Mesophilic and Thermophilic Microbes Producing Ethanol
For the fermentative production of ethanol from biomass to be commercially successful, several key processes and organisms need to be considered [4, 5, [8] [9] [10] . The points below highlight the requirements needed from two points of view: the physiological properties of the ethanologen used and process requirements.
Organism requirements:
 Minimal by-product formation;  High productivity (>1 g/L/h);  GRAS-status;  Broad tolerance to environmental conditions;  High ethanol tolerance;  Broad substrate spectra;  No "glucose effect";  High cellulolytic activity;  Tolerant to inhibitory compounds;  Tolerate high solid and substrate loadings;  Simple nutritional needs;  Low biomass production;  Ease of genetic manipulation.
Process requirements:
 >90% of theoretical yield;  High ethanol titers (>5% (v/v));  Minimum number of process steps;  Minimal process cooling;  Recyclable cells;  Co-fermentation of substrates;  Limited or no pretreatment;  Limited or no pretreatment.
At present, there is no single organism that possesses all these features. While genetic manipulation is a valuable tool, it has yielded only modest improvements for ethanologens and these techniques rarely yield stable transformants [11, 12] . Z. mobilis and S. cerevisae are very powerful ethanol producers but with limited substrate spectrum, only degrading glucose, fructose, and sucrose to ethanol, acetate, lactic acid, and so forth. Furthermore, Z. mobilis uses a more complex degradation pathway (Entner Doudoroff) which leads to the formation of unwanted end-products during degradation of fructose and sucrose [13] .
Thermophilic bacteria have many properties making them suitable for second generation ethanol production [5, 10] . Thermophiles degrade a much wider range of carbohydrates as compared with both S. cerevisae and Z. mobilis and their cultivation does not require extensive mixing, cooling, or heating of the fermentation vessel. Additionally, direct ethanol recovery from the fermentation broth is possible by in situ vacuum distillation. Apart for the broad operating temperature ranges, thermophiles often tolerate extremes of pH and salt concentrations during fermentation while having low nutritional requirements [5] . Also, thermophiles are generally recognized as safe (GRAS) with all known thermophiles being classified in the lowest microbial risk class. From a process perspective, mixing operations are easier at elevated temperatures due to reduced viscosity and increased substrate loadings [14] . Furthermore, mass transfer rates are higher at increased temperatures and the risk of mesophilic contamination is lower at higher process temperatures [14] .
Thermophilic Ethanol Producers
The interest in the biotechnological potential of thermophilic anaerobes has increased due to their ability to produce ethanol from a broad range of substrates and the ability of some species to degrade biopolymers such as cellulose, starch, and hemicelluloses including xylan [5, 10] . Microorganisms are categorized according to their optimal (Topt) and maximal (Tmax) growth temperatures. Moderate thermophiles have Topt values ranging from 50 °C to 64 °C, extreme thermophiles between 65 °C and 79 °C, while hyperthermophiles grow optimally at greater than 80 °C [15] .
More than 300 species of thermophilic anaerobic bacteria have been isolated and described as of 2008 [15] . Their habitats include geothermal areas [16] [17] [18] , deep sea vents [19] , river bank sediments [20] , and artificial habitats such as self-heated compost piles [21] , municipal solid waste or sewage sludge [22] , oil wells [23] , and thermally treated foods [24] . This suggests that thermophilic anaerobes are somewhat ubiquitous in nature. Most known thermophilic species are obligate or facultative anaerobes due to the low oxygen concentrations of their native geothermal environments [25] .
Species of highly ethanologenic thermophilic anaerobes are typically members of the genera Clostridium, Caldanaerobacter, Thermoanaerobacter, or Thermoanaerobacterium [5, 26, 27] (Table 1) although there are thermophilic members of Bacillus, Geobacillus, Paenibacillus, and Caloramator that also produce ethanol [21, 27, 28] . The physiology and ethanol production potential of species within most genera has not been widely investigated; typically studies have focused upon one or two members within each genus.
Clostridium is a large and highly diverse genus within the class Clostridia (family Clostridiaceae, order Clostridiales) and currently contains more than 200 validly described species of which only about 15 are thermophilic [29, 30] . Most thermophilic members of the genus have a Topt in the range of 45-65 °C. Clostridium species are strictly anaerobic and can typically be isolated from a broad range of nutrient-rich habitats [31] . A number of species have been noted to hydrolyze biopolymers in addition to fermentation, making them target of extensive research on biofuel production from complex biomass [32, 33] . The most exploited thermophilic ethanologenic Clostridium species is C. thermocellum. This bacterium degrades crystalline cellulose using a complex set of hydrolytic enzymes termed a cellulosome [6] . Several other members of the genus also express this enzyme complex such as C. acetobutylicum [34, 35] and C. cellulovorans [36] . Yields of ethanol by Clostridium species are often relatively moderate and vary a great deal depending on environmental conditions. Clostridium thermocellum for example has been described to produce acetate as the main end product but can shift to be highly ethanologenic [37] .
The genera Thermoanaerobacterium, Caldanaerobius, Thermoanaerobacter, and Caldanaerobacter were originally classified within the genus Clostridium due to their close phylogenetic relationship and similar physiological properties. The genus Thermoanaerobacterium is comprised exclusively of thermophilic anaerobes which fall within Cluster V of Clostridia [38] . The genus currently consists of nine species and T. thermosulfurigenes is the genus type species [39] . Strains within Thermoanaerobacterium are typically amylolytic and xylanolytic with a Topt between 55 °C and 65 °C. Thermoanaerobacterium strains have been isolated from geothermal areas and from thermally treated foods [24, 40, 41] . These bacteria convert a broad range of carbohydrates to predominately ethanol and acetate although lactate formation does occur. Considerable work has been carried out using Thermoanaerobacterium species on ethanol production with various yields. Highest yield observed were 1.5 mol ethanol/mol glucose by Thermonaaerobacterium AK17 at low glucose concentrations but lowered to less than 1.0 mol ethanol/mol glucose at increased initial substrate loadings [42] . [18] g-glucose; gal-galactose; man-mannose; x-xylose; a-arabinose; cel-cellobiose; suc-sucrose; X-xylan; ND-not determined; E-ethanol; A-acetate; L-lactate; P-pectin; H-hydrogen; *-ability varies depending upon strain; C-cellulose; F-formate; S-starch; FF-furfuraldehyde; HMF-5-hydroxymethyl-furfuraldehyde; I-inositol; and ArC-aromatic compounds.
Thermoanaerobacter species have similar physiological characteristics as Thermoanerobacterium species; they are all highly saccharolytic and produce produce end-products including ethanol, acetate, lactate, alanine, CO2, and H2. The genus comprises 19 species and 5 subspecies [29, 30] . The main difference between Thermoanaerobacter and Thermoanaerobacterium, apart from phylogenetic distance, is the fact that the majority of Thermoanaerobacter species produce H2S during thiosulfate reduction whereas Thermoanaerobacterium mostly yields elemental sulfur [40] . Another difference lies in the slightly higher Topt for Thermoanaerobacter species (mostly between 65 °C and 75 °C) as compared with Thermoanaerobacterium (mostly 55-65 °C). The type species, Thermoanerobacter ethanolicus and several other species within the genus have been extensively studied for ethanol production [52, [59] [60] [61] [62] [63] [64] [65] [66] [67] and the highest yields of ethanol production from sugar by a thermophile was observed by this species. Other high yielding species are T. pseudoethanolicus, T. mathranii, Thermoanaerobacter strain AK5 and Thermoanaerobacter strain J1 (Table 1 ). However, yields vary extensively depending on culture conditions. For example, Thermoanaerobacter strain AK5 produced as high as 1.7 mol ethanol from 1 mol of glucose in batch cultures but at low pH2, or in the presence of electron scavenging systems (thiosulfate) these yields dropped dramatically and acetate was the main volatile end product instead of ethanol [58] . Recently, Thermoanaerobacter subterraneous was moved to the genus Caldanaerobacter which currently comprises two species: Caldanaerobacter subterraneous (and its four subspecies) and Caldanaerobacter uzonensis [29, 30] . Some species of Thermoanaerobacter have also been shown to be able to produce branched-chain alcohols from branched-chain amino acids, for instance isobutanol from valine, and could potentially be used for biofuel production from protein waste in the future [68] .
Other representative examples of thermophilic ethanologenic bacteria can be found within the genera of Caldicellulosiruptor, such as Caldicellulosiruptor strain DIB 004C [69] , Caloramator species such as C. boliviensis [43] , Geobacillus, such as G. thermoglucosidasius [70] and Geobacillus sp. R7 [71] , and Paenibacillus strains such as Panibacillus strain 25-07-C [27] .
Physiology of Thermophilic Anaerobic Bacteria
Central Metabolism of Sugars to Various end Products
The theoretical yields of ethanol from 1 mol of hexose and pentose are 2.0 mol and 1.66 mol, respectively:
These ethanol yields are seldom obtained since a part of the substrate is converted to biomass or is directed towards other end products. End product formation patterns depend on both the microorganisms used as well environmental factors in the process ( Figure 1 ).
Most known saccharolytic thermophiles employ the Embden Meyerhof pathway (EMP) [5, 72] but do not use pyruvate decarboxylase for converting pyruvate to acetaldehyde ( Figure 1 ) as do yeasts. Instead, pyruvate is reduced to acetyl-CoA via pyruvate ferredoxin oxidoreductase (PFOR) before a second reduction to ethanol via alcohol dehydrogenase (ADH). Thus, a redox imbalance occurs, which is not observed with yeast fermentation, which means that another oxidation step is required, most often obtained by production of acetate via acetyl phosphate intermediate by using phosphotransacetylase (PTA) and acetate kinase (AK). Finally, mixed acid fermentation can also include the formation of lactate (Figure 1 ), formate, and alanine (not shown in Figure 1 ) from pyruvate via lactate dehydrogenase (LDH), pyruvate formate lyase and alanine transaminase, respecti vely. Thus, one of the major obstacles to achieve high ethanol titers in thermophiles is to minimize the variety of end-products formed. However, unlike anaerobic bacteria growing at lower temperatures, mixed acid ferementation occurrs to a lesser extent. Pentoses, including xylose and arabinose, are degraded via the nonoxidative pentose phosphate pathway which lead to intermediates that are directed in the glycolysis pathway [5, 10] . 
Effect of Various Factors for Ethanol Production
Various factors are known to influence the production of ethanol by thermophilic bacteria: substrate types, the partial pressure of hydrogen, the initial substrate concentration, pH, and temperature. Some of these factors are discussed in detail below.
Partial Pressure of Hydrogen
Early observations of the influence of increased hydrogen concentrations on the end product formation of Thermoanaerobacter ethanolicus were reported in 1981 [16] . Higher partial pressure (pH2) of hydrogen leads to icreased ethanol production and less acetate production from glucose fermentations [16, 58, 73] . Strict anaerobes produce H2 either via pyruvate ferredoxin oxidorecutase or NAD(P) oxidoreductase [74] . It is a well-known phenonmenon that the increased hydrogen concentrations at lower temperatures affects mesophilic bacteria more severely than thermophiles. The reason is that at lower temperatures, the NADH ferredoxin oxidoreductase (FNOR) that converts NADH to Fdred is strongly inhibited. The reduction potential is −450 mV for the Fdred/Fdox couple but −320 mV for the NADH/NAD + couple [74, 75] . Therefore, at low temperatures, elevated hydrogen concentrations inhibit H2 evolution at much lower concentrations as compared to at high temperatures. Microorganinsms respond to this by directing their reducing equivalents to other more favourable electron acceptors and consequently produce reduced products such as ethanol and lactate ( Figure 1) . Thus, using bacteria with higher optimum temperatures should lead to a more homogenous end-product formation pattern. From literature, it is difficult to decude if there is "a strict product formation trend" regarding temperature optimum of microbes; it is more likely to be a natural trait of the microbial genomes (i.e., LDH expression).
In their native habitats, the hydrogen generated by fermentative bacteria is rapidly consumed by hydrogen-utilizing organisms, including methanogens and sulfate-reducers [76] . Thus, hydrogen accumulation does not occur allowing for a complete catabolism of glucose to end products. Conversely, batch fermentation with monocultures allows hydrogen to accumulate leading to a change in end production profile in some Thermoanaerobacter species [18, 58, 77] . This is well known for sugars and some amino acids. For instance, during degradation of glucose, xylose, and the amino acid serine, the major end product for Thermoanaerobacter brockii was ethanol [77] . Under hydrogen scavenging conditions, however, the flow of electrons from glucose degradation was directed away from ethanol but towards acetate with extra ATP produced. Thus, the role of the pH2 in closed fermentation systems is most often critical for end product formation. Several experiments using different liquid-to-gas ratios have revealed that changes in end product formation occur during hydrogen accumulation among species of Clostridium, Thermoanaerobacter, and Caloramator. Hydrogen accumulation in these cultures can have two effects: change the carbon flow to more reduced end products or inhibit substrate degradation. The inhibition observed can be either direct, inhibiting the hydrogenases, or indirect by productions of acids, lowering the pH in a closed system, and thus stopping further degradation of the substrates.
Substrate Loadings
It has been widely reported that thermophilic bacteria are inhibited at relatively low substrate concentrations as compared with yeasts and Z. mobilis [5, 42] . The main reason for this is most likely the natural concentration of sugars in the environment from where these microbes originate. Thermophiles are mostly isolated from geothermal areas where the abundance of sugars are usually very low whereas S. cerevisae and Z. mobilis often originate from fruits containing high concentrations of sugars. By increasing the sugar concentrations in batch cultures of thermophilic bacteria, inhibition of substrate degradation often occurs between 10 mM and 30 mM [42, 58, 78] . Although this inhibiton may also be caused by accumulated hydrogen or by low pH, it could also be an intriquing factor for thermophiles. One strain of Thermoanaerobacter, strain J1, has though been shown to be very tolerant towards high sugar concentrations [18] . This high ethanol producing thermophile produces up to 1.7 mol ethanol/mol glucose up to initial glucose concentrations of 100 mM.
Recent work on Thermoanaerobacter pentosaceus showed a complete removal of xylose at 13.3 mM initial concentrations but only about 30% removal at 10 times higher concentrations [78] . Additionally, the ratio of ethanol to acetate and lactate decreased by a factor of more than six resulting in dramatic decrease in ethanol yields.
Ethanol Tolerance
One of the most important traits for good ethanol producers is their ethanol tolerance. It is stated that for an economic ethanol recovery to occur, using classical downstream processes, the microorganism should grow and produce ethanol in the presence of at least 4% (v/v) ethanol [7] . The growth rates of many organisms decrease markedly with increasing ethanol concentrations. The presence of ethanol in fermentation medium causes leaky membranes resulting in loss of energy during cellular metabolism and finally cell lysis. Additionally, ethanol has a strongly denaturing effect on proteins. Again, yeasts and Z. mobilis tolerate much higher ethanol concentrations as compared to thermophiles mainly due to their fatty acid composition structure [13] .
Most studies on ethanol tolerance of wild-type species of thermophiles show tolerance between 0.5% (v/v) and 3.0% (v/v) [5, 56, 79, 80] . However, there have been substantial efforts to increase ethanol tolerance of wild type species, earliest experiments include studies with Thermoanaerobacterium thermosaccharolyticum [81, 82] . The highest ethanol tolerance observed for a thermophile has been with a mutant strain of Thermoanaerobacter ethanolicus (12.7% v/v) [83] . However, later studies with one of its mutant derivatives, JW200 Fe 4, showed much less tolerance [51] . Another Thermoanaerobacter strain has also been intensively investigated on the subject, Thermoanaerobacter BG1L1, an efficient xylose degrader. This bacterium showed 8.3% (v/v) tolerance in continuous culture studies [61] . Increased ethanol tolerance was also observed with Thermoanaerobacter thermohydrosulfuricus 39E by successively sub-culturing the strain to higher ethanol concentrations [79] . The resulting mutant strain 39EA tolerated 10.1% (v/v ethanol) at 45 °C but only 2.6% (v/v) at 68 °C. Additionally, the ethanol yields dropped from 1.5 mol ethanol/mol glucose to 0.6 mol ethanol/mol glucose.
There is still much debate concerning ethanol tolerance of thermophilic anaerobes [82] . Natural tolerance is almost always below 3%-4% (v/v) and although strains can be naturally manipulated by indirect mutagenesis, their ethanol yields drop substantially. Clearly, a better understanding of the fundamental mechanisms of ethanol tolerance for thermoanaerobes, such as cell membrane alterations and enzymatic regulation, is needed [51, 53, 84, 85] .
Other Culture Parameters
Other environmental factors of importance for thermophilic bacteria is their pH and temperature growth optimum, their tolerance towards inhibitory compounds like furfuraldehyde and 5-hydroxymethyl-furfuraldehyde (5-HMF) and their need for trace elements and vitamins often originating from complex medium supplements like yeast extract.
Inhibitory compounds, like furfuraldehyde, 5-HMF, and aromatic compounds derived from lignin such as p-coumaryl alcohol, coniferyl alcohol, sinapyl alcohol and related derivatives, are often formed during pretreatment of biomass. These compounds may be problematic during microbial fermentation of the sugars in relatively low concentrations [57, 86, 87] . Although tolerance towards inhibitory compounds has not been wiedely reported in literature, at least one thermophilic bacteria, Thermoanaerobacterium AK17, is known to tolerate a maximum of 4 g/L of furfuraldehyde and 6 g/L of 5-HMF [42] . The effects of inhbitory compounds may however be circumented by either using highly tolerant microbes or by removing these compounds from the hydrolysates prior to fermentation.
For large scale ethanol production to be economically feasable, it is of great importance that the relevant microbes can grow and produce ethanol without the addition of expensive compounds, like trace elements and vitamins. Most laboratory scale experiments on thermophilic bacteria use defined medium, often containing phosphate buffers, trace elements, vitamin solutions and yeast extract. Unfortunately, the yeast extract seems to be of great importance for metabolic processes in thermophiles although there are some examples of good ethanol yields in media with low yeast extract concentrations [88] . In the future, more emphasis should be placed on isolating good ethanol producers requiring low concentrations of vitamins, trace elements and yeast extract.
Production of Ethanol from Lignocellulose
While knowledge of the ethanologenic nature of thermophilic anaerobes was established early on, the focus on the fermentation of carbohydrate substrates did not come forth until the early 1980s in response to high oil prices. The earliest studies on bioethanol by fermentation of simple s ubtrates by thermophilic clostridia focused on Thermoanaerobacterium saccharolyticum, Thermoanaerobacter brockii, and Clostridium thermocellum [66, 67, 86] but this first generation ethanol production is not within the scope of this review.
The production of bioethanol from lignocellulosic biomass by thermoanaerobes has been widely reported in the literature with the most emphasis placed on Clostridium thermocellum in addition to species within the genera Thermoanaerobacterium and Thermoanaerobacter. There is a large variation in the type and concentration of biomass used, fermentation processes (batch, semi-batch, continuous), pretreatment methods as well as whether pure or mixed cultures are used.
The maximum yield of ethanol obtained from glucose fermentation is 2 mol ethanol/g glucose (0.51 g/L or 11.1 mM). Considering the complex structure of lignocellulosic biomass, it is not surprising that yields are usually considerably lower from such substrates ( Table 2) . Early experiments on ethanol yields from complex biomass originate from studies on Thermoanaerobacter ethanolicus and Clostridium thermocellum using hemicellulose from birch-and beechwood [89] . Clostridium thermocellum produced 7.2 mM/g and 8.0 mM/g avicel and Whatman paper, respectively (Table 2) . Similar yields were obtained from paddy straw, sorghum stover and corn stubs, pretreated with alkali [90] . In all studies mentioned above with Clostridium thermocellum, the concentration of cellulose was 8.0 g/L or lower. Later studies with this bacterium showed that increased concentrations of both grass and avicel hydrolysates lowered these yields considerably [91] . Thermoanaerobacterium saccharolyticum HG8 produced 6.3 mM of ethanol per gram of xylan from wheat straw hydrolysates [86] . The highest ethanol yields reported from complex biomass are by Thermoanaerobacter BG1L1 grown on corn stover and wheat straw [60, 92] . The biomass was pretreated with acid or wet oxidation and ethanol yields were up to 9.2 mM/g for biomass hydrolysates. Studies on ethanol production by Thermoanaerobacterium strain AK17, isolated from an Icelandic hot spring, grown on various types of lignocellulosic biomass were reported by Sveinsdottir and co-workers [27] . Batch culture studies using 7.5 g/L of cellulose, grass and newspaper, pretreated with heat and enzymes, showed ethanol yields of 2.0 (paper) mM/g, 2.9 (grass) mM/g and 5.8 (cellulose) mM/g biomass. Optimization experiments were recently done on this strain where ethanol yields on grass and cellulose were increased to 4.0 mM· g −1 and 8.6 mM· g −1 , respectively.
The main environmental factors increasing ethanol yields were the use of acid/alkali for pretreatment and the lowering of the substrate concentration from 7.5 g/L to 2.5 g/L [42] . Recent investigations on two Thermoanaerobacter strains, AK5 and J1 showed promising results from various types of hydrolysates made from chemically and enzymatically pretreated lignocellulosic biomass (Table 2 ) [18, 58] . Recent investigaton on a co-culture of C. thermocellum and C. thermolactimum showed 75% and 90% ethanol yields on crystaline cellulose and xylose, respectively [96] . Thermoanaerobacter pentosaceus has been investigated for its ethanol production capacity on rapeseed straw in coculture with S. cerevisae [57] . This is the first report on a two-stage process for second generation bioethanol production where thermophilic bacterium is used together with a yeast.
Evolutionary Adaptation and Genetic Engineering of Thermophiles
To date, no single organism has met all the requirements for highly efficient ethanol production from lignocellulosic biomass. There are two general strategies of enhancing ethanol production by wild type microorgansims: evolutionary adaptation of natural strains or genetic modification. Originally, classical methods such as the selection of clones and nonspecific mutagenesis were used to improve ethanol production in thermophiles [99] . While these methods are time-consuming, genetic modification is not without drawbacks as modified strains can exhibit poor growth and unexpected shifts in end product formation.
Evolutionary Adaptation
The use of classical evolutionary adaptation methods, such as non-specific mutagenesis and artificial selection, to enhance specific traits of microorganisms for industrial bioethanol production has been applied to thermophilic anaerobes on a limited basis. As previously mentioned, one of the major drawbacks of working with thermophilic anaerobes is their low substrate and ethanol tolerance compared to their mesophilic counterparts.
Three new strains of Thermoanaerobacter ethanolicus were obtained by selection of pyruvate and iron deprivation [100] leading to enhanced ethanol tolerance (10% v/v) at substrate concentrations above 10 g/L. Recent investigation on Clostridium thermocellum showed increased ethanol tolerance (up to 5% v/v) by stepwise increasing and transferring cultures to increased ethanol concentrations [101] . While adapting non-thermophilic strains to higher substrate concentrations as well as inhibitory substances have been reported, there are few examples of these techniques being applied to thermoanaerobes. Thermoanaerobacter pentosaceus has thought been gradually adapted to higher substrate concentrations and demonstrated higher ethanol tolerance and substrate utilization [102] . Thus, evolutionary adaptation, may still be used for evolving of wild type strains with enhanced tolerance to high ethanol titers, high substrate concentrations and increased concentrations of 5-HMF and fufuraldehyde.
Genetic Engineering
Recent advances in genome sequencing technology and gene transfer systems have resulted in a new generation of engineered thermophilic ethanologens [103, 104] . The main drawback of most wild type thermophiles is their production of mixed end products resulting in lower ethanol yields and the fact that highly ethanolgenic organisms are not natively celluloytic and vise versa. Efforts to metabolically engineer thermophilic organisms for consolidated bioprocessing (CBP) have focused on two strategies: increasing the ethanol yields of cellulase-producing organisms or expressing cellulases in highly ethanologenic organisms [103] . The first approach involves increasing ethanol yields by eliminating other fermentation products and improving ethanol tolerance whereas the second approach involves addition of cellulolytic genes to the genome of a good ethanol producing bacterium.
Thermoanaerobacterium saccharolyticum was the first thermophile to be genetically modified to enhance its ethanol production in 2004 [105] . In the past 10 years, several other ethanologenic thermophiles have been genetically modified in an effort to increase ethanol titers and minimize the formation of other end products such as acetate and lactate (Table 3) .
Deletion of genes that lead to production of other end-products, and thus, hopefully, increase ethanol production capacity is the most obvious way to increase ethanol titers. This has indeed been done by knocking out LDH in Thermoanaerobacterium saccharolyticum [49, 103] , Thermoanaerobacter mathranii [55] , Clostridium thermocellum [106] and Geobacillus thermoglucosidasius [70] .
Clostridium thermocellum is a cellulolytic bacterium producing a mixture of ethanol, acetate, lactate, hydrogen and carbon dioxide [96] . Its capability of hydrolysing cellulose and producing ethanol has led to intensive investigations in this area. The first successful transformation of the species was performed in 2006 [107] , later on leading to the development of genetic systems to knock out the PTA gene and thus acetate formation [106] . This strain however grew abnormally but retained its cellulase activity. Later work on C. thermocellum showed improved ethanol yields in a Δhpt, Δldh, Δpta evolved strain as well as successful use of co-culture of this strain with Thermoanaerobacterium saccharolyticum [106] .
From the early work on Thermoanaerobacterium saccharolyticum using electroporation and shuttle vectors [108] , this strain has been further modified by inserting a cellobiohydrolase gene from Clostridium thermocellum into its genome [109] . Later work with Thermoanaerobacterium saccharolyticum involves a LDH gene knock out [105] and a double knock out of both LDH and AK [49] . Clearly, by knocking out acetate formation led to less available energy, thus less cell biomass and increased ethanol yields, both from glucose and xylose. Another double knock out of Thermoanaerobacterium saccharolyticum focuses on the electron transfer system of the bacterium [110] . The authors deleted the hfs gene cluster and ldh gene which encode for hydrogenase and LDH, respectively. Again, a considerable increase in ethanol (44%) production was obtained as compared with the wild type. Thermoanaerobacter mathranii was isolated from an Icelandic hot spring [17] and has later been modified and used in several investigations. The first mutant generated was BG1L1 by knocking LDH out. This strain showed more than two-fold increase in ethanol production as compared with the wild type, up to 1.52 mol ethanol/mol xylose [113] . The strains have also been shown to have similar ethanol yields from undetoxified pretreated corn stover and wheat straw [60, 92] . Further manipulation of this strain involves overexpression of NAD(P)H-dependent bi-functional aldehyde/ADH, resulting in the strain BG1E1. Clearly, this enzyme is of great importance for ethanol production and its overexpression resulted in higher ethanol yields [55] . The electron balance for sugar degradation was also examined using mannitol, which is more reduced than glucose and xylose, as a substrate [114] leading to more ethanol production. One more mutant of Thermoanaerobacter mathranii was finally developed, BG1G1 where the gene encoding for NAD + -dependent glycerol dehydrogenase was inserted. This increased ethanol production by 40% as compared with the wild type. Additionally, the strain utilized the highly reduced glycerol and co-metabolism of glycerol and sugars.
Thermophilic bacteria within the genus of Geobacillus have also attracted increased interest due to their ethanol production capacity recently. These bacteria are facultative anaerobes and can ferment various sugars to pyruvate by pyruvate dehydrogenase to acetyl-Coenzyme A [70] . Under aerobic conditions, however, pyruvate formate lyase is used and a variety of end products are formed. A research group led by Cripps [70] manipulated Geobacillus thermoglucosidasius, obtaining an upregulated expression of pyruvate dehydrogenase under anaerobic conditions in lactate dehydrogense-inactivated strain. Several mutants were developed (TM89; ldh knockout; TM180; ldh knocout and upregulated pdh; TM242; ldh, pdh up, and pfl). The TM180 strain produced 1.45 mol ethanol/mol hexose (the wild type produced 0.39 mol ethanol/mol hexose and TM89 0.94 mol ethanol/mol hexose). The triple mutant TM242 produced 1.65 mol ethanol/mol hexose. This mutant also showed good yields on xylose (1.33 mol/mol) and good productivity rates. Geobacillus thermoglucosidasius has recently be genetically modified by expressing pyruvate decarboxylase from Gluconobacter oxydans [115] . Ethanol yields obtained were as high as 1.37 mol ethanol/mol glucose.
Overall, efforts to engineer thermophilic anaerobes to increase ethanol titers has resulted in modest gains in yields while minimizing or eliminating the formation of unwanted end products. Future targets for genetic manipulation might include the inclusion of the cellulolytic machinery of C. thermocellum into highly ethanolgenic Thermoanaerobacter and Thermoanaerobacterium strains.
Process Technology for Thermophilic Bioethanol Production
The main barrier using lignocellulosic biomass as a feedstock for bioethanol production lies in the cost of pretreatment and enzymatic hydrolysis. In order to improve the economic feasibility of the second generation bioethanol production, the number of process steps needs to be reduced. Thus, there has been increased emphasis on integrated process technologies that reduce the number of process steps resulting in decreased processing time, reduced pretreatment costs, and increased energy efficiency of bioethanol production.
While the types of a bioethanol processes may vary due to feedstock, pretreatment, and organism selection, the process of converting complex lignocellulosic substrates into ethanol is performed in four steps:
1)
Physical and chemical pretreatment of biomass; 2A) Hydrolases production (cellulases, hemicellulases, etc.); 2B) Saccharification (enzymatic hydrolysis of polymers to hexoses and pentoses); 3)
Fermentation (of both pentoses and hexoses); 4)
Product recovery.
There are several review articles on ethanol production from lignocellulosic biomass [5, 10, 99] . Below is a short description of each step.
Process Steps for the Conversion of Lignocellulosic Biomass to Ethanol
Pretreatment of Biomass
Prior to fermentation, lignocellulosic biomass requires pretreatment to separate its components making them more accessible for enzyme hydrolysis and thus converting the polymeric carbohydrates into sugars. The main aim of pretreatment is to minimize energy consumption while maximizing the sugars liberated and this still remains a major challenge as no single pretreatment method is universally applicable [4, 116, 117] . There are various chemical, physical, physio-chemical, and biological pretreatment methods available. A common pretreatment strategy involves the application of high temperature and pressure in a mildly acidic solution to liberate lignocellulose from the matrix. A clear advantage to using thermophilic organisms is that the pretreated biomass would not require as much cooling prior to subsequent process steps (saccharification and fermentation). A potential drawback, however, is the generation of 5-HMF and furfuraldehyde from the liberated glucose and xylose, respectively, in addition to the formation of inhibitory compounds derived from lignin. For more comprehensive description of pretreatment methods, recent review articles should be examined [118] [119] [120] . The main outcome of pretreatment is the removal of lignin and separation of cellulose and hemicellulose.
Enzymatic Hydrolysis and Saccharification
The most expensive step in the production of bioethanol from lignocellulosic biomass is the production and/or use of commercial enzymes for conversion of the hemicelluloses and celluloses to sugars [121] . An ideal enzyme system for bio-refinery applications should be generated in situ and useable in continuous culture, have high activity, be stable under process conditions including elevated temperatures, be resistant to inhibitory compounds such as aldehydes, and possess a long half-life. At present, no commercially available enzyme is suitable for high-temperature applications (>55 °C); most available enzymes have been isolated from mesophilic organism with operating temperatures below 50 °C and have poor yields and relatively slow rates of hydrolysis [122] .
Podkaminer and co-workers [123] discovered a previously unknown shortcoming of the use of thermo-tolerant aerobic fungal enzymes: they are not well suited for anaerobic conditions, thus highlighting the need for highly active anaerobic and ethanol tolerant enzyme systems. A recent review on the use of thermophilic enzymes for lignocellulosic biomass hydrolysis was recently published [122] .
Another possibility for the degradation of cellulose and hemicellulose would be the use of cellulolytic microorganisms in situ (biological treatment). Well-known degraders are fungi and bacteria that can change the structure of lignocellulosic biomass so that it becomes more access ible to enzymes. Cellulases are required for the degradation of cellulose and they are produced by fungi such as T. reesei, Aspergillus niger, and the bacterium C. thermocellum, as previously mentioned [120] . The fact that biological pretreatment is a chemical-free method, and therefore an inherently environmentally friendly method makes it a particularly desirable pretreatment option. The energy input is also very low but the obvious drawback is that it is a very time consuming process and it requires a large volume and active control of growth conditions [121] .
Fermentation
The broad substrate range of many thermophilic ethanol producers makes them an excellent choice for bioethanol production when lignocellulose is used as the substrate. Coupled with higher operating temperatures, which drives end-product formation and limits the risk of mesophilic contamination, both hexoses and pentoses are degraded to ethanol. Another advantage to using thermophilic ethanologens is that many are capable of simultaneous hexose and pentose fermentation [26] . Traditional mesophilic platform organisms, including S. cerevisae and E. coli, typically degraded glucose before metabolizing other compounds; this phenomenon is frequently referred to as "the glucose effect".
Given that the biochemical conversion of sugars to ethanol is an exothermic process, mesophilic organism require active cooling. This problem is somewhat mitigated with thermophilic organisms and can be coupled to in situ ethanol removal thus decreasing the amount of external energy needed for process cooling and product recovery while driving end production formation and limiting ethanol inhibition. This becomes particularly relevant in the context of consolidated bioprocesses.
Product Recovery
Ethanol is typically separated from fermentation mixtures by distillation and operating at elevated process temperatures theoretically also allows for in situ ethanol removal (so-called "self-distillation"). At atmospheric pressure, ethanol boils at 78.4 °C which is only a few degrees above the Topt of many ethanologenic thermophilic bacteria. Ethanol, being volatile, could be continuously removed at sub-boiling temperatures to further drive processes to completion.
Integrated Processes for Ethanol Production from Lignocellulose
There are mainly four ways to convert complex biomass to ethanol products after pretreatment : (1) separate hydrolysis and fermentation (SHF); (2) simultaneous saccharification and fermentation (SSF); (3) simultaneous saccharification and co-fermentation (SSCF); and (4) CBP. The three ways most relevant processes for thermophilic ethanol production are SHF, SSCF and CBP since there is no need for a separate hexose and pentose fermentation as used in the SSF process. The main outline of the differences in these processes is shown in Figure 2 . The SHF process is when the polymer hydrolysis and fermentation are performed in separate steps, whereas the SSF and SSCF uses a single step and the difference between the two is that the latter includes both pentose and hexose fermentation but the former only hexose fermentation. CBP applies when enzymatic production, cellulose degradation and fermentation occurs in single step. Process steps of bioethanol production processes. SHF-separate hydrolysis and fermentation; SSF-simultaneous saccharification and fermenation; SSCF-simultaneous saccharification and co-fermentation; CBP-consolidated bioprocessing; C6-hexose; and C5-pentose.
Separate Hydrolysis and Fermentation
The most traditional method for ethanol production is the two-stage SHF process in which the hydrolysis of biopolymers to sugars and sugar fermentation are conducted separately. The main advantage of SHF is that both hydrolysis and fermentation are performed at their optimum conditions. The main limitation however is the accumulation of glucose during enzymatic hydrolysis that can strongly inhibit further cellulase activity [10] .
Simultaneous Saccharification and Fermentation and Simultaneous Saccharification and Co-Fermentation
To avoid the inhibitory effect of sugars on cellulases and to reduce the number of discrete process steps, two other models (SSF and SSCF) have been adapted where both saccharification and fermentation occurs in the same fermentation vessel. The key advantages of SSF include increased hydrolysis rates thus requiring lower enzyme loadings, decreased need for sterile conditions, decreased reaction times, and lower reactor volume [124, 125] . The simultaneous consumption of liberated sugars decreases the product inhibition experienced by the hydrolases while the rapid consumption of monosugars minimizes the risk of contamination by other saccharolytic organisms and keeps substrate levels low thus avoiding inhibition of both the fermentative organisms and the hydrolytic enzymes [126] . The challenge of these processes is the compatibility of the optimal conditions for the hydrolysis and the microorganisms used for fermentation. Enzymatic hydrolysis is usually performed at 50 °C, while most common fermentative microorganisms used have optimal growth temperature between 28 °C and 37 °C. This results in lower efficiency and lower ethanol yields [119, 126] .
A number of challenges, however, need to be overcome to adequately address the production of bioethanol from lignocellulosic biomass. As the enzymatic conversion of polymers to monosugars is typically performed at 50 °C and pH = 4.5 [127] , the use of fermentative mesophiles either means operating at a "trade off" temperature compromising either the efficiency of the enzyme or growing at a non-optimum temperature. While the thermotolerant yeast Kluyveromyces marxianus has broad substrate spectra, the wild type cannot utilize cellobiose limiting its usefulness as the ethanologenic organism in SSF applications. Moderate thermophiles may be a very good option under these conditions as they fall within the operating temperature range of currently available enzymes. A recent SSF study using Thermoanaerobacterium saccharolyticum ALK2 grown on avicel at a concentration of 20 g/L found that the enzyme systems used were dramatically inhibited by anaerobic conditions and high ethanol titers [123] .
Consolidated Bioprocessing
The final process involves the consolidation of all steps of bioethanol production into a single reaction vessel by either a single organism or a co-culture as first proposed by Lynd [128] . Notably, the production of enzymes used in saccharification of biomass is produced in situ in the fermentation vessel leading to lower cost and high efficiencies at the same time [99] . Since this process takes place in a single step, the choice of microorganism used is of great importance. The microorganism chosen must have enzymatic machinery to produce both a variety of hemicellulases and cellulases as well as produce high ethanol titers [129] . So far, there is no wild type microorganism that has all these desired properties. Therefore, there have been several attempts to genetically modify microorganisms for use in CBP processes. There are two main strategies used for this purpose, CBP I and CBP II [130] . The former involves a microorganisms that has the native ability to degrade lignocellulose and is then further engineered to become a powerful ethanol producer. The CBP category II, however, is aimed to genetically engineer microorganisms that is a good ethanol producer but does not have the ability to produce the enzymes needed for the biomass breakdown [130, 131] .
The best candidates for category CBP I are fungi, free-enzyme bacteria and cellulosome-forming bacteria [131, 132] . The thermophile, Clostridium thermocellum could be a good choice for category CBP I organisms due to its multienzyme complex cellulosome. However, its production of by-products like acetate and lactate and its inability to utilize xylose is a major drawback. However, Argyros and co-workers [110] were able to delete the genes encoding LDH and PTA in Clostridium thermocellum and thus increase its ethanol production. A co-culture of this mutant with an organic-acid deficient strain of Thermoanaerobacterium saccharolyticum on avicel (92 g/L) resulted in 38 g/L of ethanol (0.41 g/g avicel). Many fungi produce a variety of extracellular cellulases in significant amounts and have thus also been looked at as CBP I candidates. Filamentous fungi such as Trichoderma, Aspergillus, Rhizobius, and Fusarium have the ability to directly ferment cellulose to ethanol using two different metabolic routes. The first route involves the aerobic production of cellulases followed by an anaerobic fermentation where ethanol and other by-products such as acetate are produced [131, 133] .
One of the key advantages for the use of thermophilic bacteria for CBP (or tCBP) is that in situ distillation is an option at higher operating temperatures. Despite this inherent advantage, relatively little work has been published on the use of thermophiles in CBP processes. The main candidates for tCBP are Clostridium thermocellum and Clostridium stercorarium [134] due to their cellulolytic capabilities but complex end product profiles and low ethanol yields have hindered these bacteria to be used in industrial processes. Additionally, bacteria in general produce much lower amounts of cellulases as compared with fungi [135] . However, using a co-culture of cellulolytic thermophiles together with high-ethanol titer bacteria has emerged as a promising path to be taken seriously.
Conclusions
For optimal bioethanol production from lignocellulosic biomass the microorganisms used need to be robust in several ways. Among the advantages thermophiles possess is that they have broad substrate spectra and can degrade both hexoses and pentoses simultaneously; some thermophiles natively degrade complex carbohydrates; they operate at temperatures that minimizes contamination risk of mesophiles. Additionally, recent advances have improved ethanol yields by using genetic engineering, often by knocking out metabolic pathways to other end products, have minimized the perceived advantage of mesophiles over thermophiles considerable, although no large scale bioethanol plants with genetically modified microbes is currently operating. On the other hand, yields and tolerance towards inhibitory compounds are less as compared with mesophiles as well as the fact thermophiles are more sensitive towards various environmental variations, especially substrate concentrations, ethanol tolerance, and the partial pressure of hydrogen, although the latter may be used as a tool to increase ethanol yields with thermophiles. From the process point of view, the lack of compatible enzyme systems for consolidated processes such as SSF and CBP is still lingering. Most commercially available enzymes have temperature optima between room temperature and 50 °C and commercially available cellulases are inhibited by anaerobic conditions and by ethanol [124] . This further highlights the need for enzyme systems that are compatible with an oxygen-free environment so that thermophilic consolidated bioprocesses become a feasible alternative.
Additionally, using stable co-cultures, where one microorganism hydrolyses the sugar polymers and another ferments the released sugars, is an attractive way to go forward but needs further investigations in order to materialize in full scale bioethanol production.
Beyond terrestrial biomass, other feedstocks need to be considered for bioethanol production. Algal biomass is a largely untapped potential substrate for bioethanol production. Unlike terrestrial biomass, marine macro algae lack lignin but contain a much more diverse assortment of carbohydrates, many of which are recalcitrant. Here, the broad substrate utilization spectra of many thermophilic anaerobes could be of great potential.
